urn:lsid:zoobank.org:pub:8EC5F9FB-5A94-4FA6-8274-86326E8404B3 (2017) 2 Abstract. We report here on the taxonomic and molecular diversity of 10 929 terrestrial arthropod specimens, collected on four islands of the Society Archipelago, French Polynesia. The survey was part of the 'SymbioCode Project' that aims to establish the Society Islands as a natural laboratory in which to investigate the fl ux of bacterial symbionts (e.g., Wolbachia) and other genetic material among branches of the arthropod tree. The sample includes an estimated 1127 species, of which 1098 included at least one DNA-barcoded specimen and 29 were identifi ed to species level using morphological traits only. Species counts based on molecular data emphasize that some groups have been understudied in this region and deserve more focused taxonomic effort, notably Diptera, Lepidoptera and Hymenoptera. Some taxa that were also subjected to morphological scrutiny reveal a consistent match between DNA and morphology-based species boundaries in 90% of the cases, with a larger than expected genetic diversity in the remaining 10%. Many species from this sample are new to this region or are undescribed. Some are under description, but many await inspection by motivated experts, who can use the online images or request access to ethanol-stored specimens.
Introduction
In this paper, we report on the diversity of a large and non-taxonomically focused sample of terrestrial arthropods, collected on four islands of the Society Archipelago (French Polynesia) from 2005 to 2007. This sample was obtained as part of the SymbioCode initiative (coordinated by SC) in collaboration with the Moorea Biocode Project (http://biocode.berkeley.edu) (Check 2006) . Although primarily focused on symbiotic bacteria and their fl ux across host species (Bailly-Bechet et al. in press) , this dataset also offers an opportunity to complement biodiversity records from this region, which is the subject of the present paper.
This study focused on four of the fi ve main islands of the Society, situated along a 200 km northwest/ southeast axis, corresponding to the movement of the Pacifi c plate over a unique hot spot during the last three million years (Guillou et al. 2005) . Typical of young, small and isolated volcanic islands, their fauna is generally characterised by a low diversity of species and a high level of endemism, with an increasing proportion of introduced and invasive species (Whittaker & Fernández-Palacios 2009) . Much of the South Pacifi c's terrestrial biota originates from the west (Australasia), colonizing the oceanic islands via stepping-stone dispersal (Miller 1996; Gillespie & Roderick 2002; Gressitt 1956 ). Fairmaire (1849 Fairmaire ( , 1850 was the fi rst to focus on the insect fauna of French Polynesia. This fauna was again intensively studied between 1926 and 1940 as a result of the collections of Saint-George and the Pacifi c Entomological Survey (reviewed in Ramage in press). Among the 2972 valid arthropod species names reported from French Polynesia, 61% are considered endemic, but the level of introduced species is also high, representing 10% of the overall species count (Ramage in press).
In the present study, we report on the occurrence of 1127 arthropod species (Supplementary fi le, sheet S1): 228 of them were assigned to previously described species, and of the rest, 105 to genus, 567 to family and 227 to order. DNA barcodes were the main source of taxonomic information, but some taxa (listed in Table 1 ) were also thoroughly characterised based on morphology. For groups that were analysed by taxonomic experts, combined genetic and morphological evidence suggests the occurrence of many species new to this region or new to science. Some of these species are in the process of formal description by various colleagues (Dierkens & Ramage 2016; Rousse et al. in prep.) , but many more await inspection by motivated experts, on the basis of online photos or ethanol-stored material, available upon request.
Material and methods

Sampling
Arthropods were collected in the Society Islands of Tahiti, Moorea, Huahine and Raiatea, with most effort, for logistical reasons, on the island of Moorea and to a lesser extent Tahiti. Collecting took place from 2005 to 2007 using sweep nets, Malaise traps (only in Moorea and Tahiti) and light traps, or by hand, without focusing on any particular habitat or taxonomic group. Details of the 317 collecting events, defi ned as a unique combination of location and date, are given in the Supplementary fi le, sheet S2. Raw material from the fi eld was stored at ambient temperature in 95% ethanol in 50 ml centrifuge tubes for further processing.
Photographs and morpho-species assignments
Specimens showing no apparent morphological differences to a non-expert eye were attributed the same morpho-species numbers. Up to ten specimens per morpho-species were individually photographed (under binocular microscope or with a refl ex camera depending on their size) and stored in 95% ethanol at -20°C before further processing. In total, 10 929 specimens were processed in this way (listed in the Supplementary fi le, sheet S3). All photographs can be accessed through the BOLD database (http:// www.boldsystems.org) (SYC project, DS-SYMC dataset, http://dx.doi.org/10.5883/DS-SYMC) and the Moorea Biocode database (http://biocode.berkeley.edu). Additional specimens from overly represented morpho-species were mass stored in 95% ethanol at -20°C for potential future analysis (additional specimens, see the Supplementary fi le, sheet S1).
DNA extraction
In order to maximize the phylogenetic and geographic diversity of the study, we selected specimens for DNA extraction and further molecular analysis using the following criteria when possible: up to three specimens per morpho-species per island and from different locations. We thus selected 4837 specimens, from which DNA was extracted using Nucleospin 96 Tissue kits (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany), according to the manufacturer's instructions, with the following modifi cations: (a) the pre-lysis step consisted of incubation with proteinase K overnight and (b) the elution step included two sub-steps (each with 50 μl of water). If specimens were smaller than 5 mm long, the whole body was used for DNA extraction; otherwise, we used tissue from the mid-lower abdomen, including the gonads but leaving the genitalia intact for potential subsequent taxonomic work. We stored 20 μl of each genomic extract at -20°C for further analysis; the remaining 80 μl were placed at -80°C for long-term storage.
DNA barcoding
A 643-664 bp (most commonly 658 bp) region of the mitochondrial gene Cytochrome Oxidase 1 (CO1) was amplifi ed with standard LCO1490 and HCO2198 primers (Folmer et al. 1994) . DNA amplifi cation (PCR) was performed in a total volume of 30 μl with 1.5 mM of MgCl 2 , 2 mM of all four dNTPs, 0.2 μM of each primer, 0.02 Units/μl of EuroTaq R DNA polymerase (EUROBIO, Les Ulis, France) and 2 μl of template using the following temperature profi le: initial denaturation at 95°C for 120 seconds (s); 35 cycles of 94°C for 30 s, 47°C for 30 s and 72°C for 90 s; and a fi nal extension at 72°C for 600 s. All reactions took place in a Tetrad R Thermocycler (BIO-RAD, Hercules, CA, USA). PCR products were purifi ed and Sanger-sequenced on an ABI 3730 using both the forward and reverse PCR primers.
Trace fi les were imported in GENEIOUS v. 5.4.0 (Biomatters) (Kearse et al. 2012) . The fi rst 45 bp of the 5' end of each read were trimmed, as well as further low-quality end regions with error probability larger than 0.1%. Heteroplasmic positions were identifi ed based on peak similarity (more than 50% overlap between two confl icting peaks at a given position in one read); ambiguous base calls were assigned to heteroplasmic positions using the IUPAC code. Forward and reverse reads were then assembled and a consensus sequence integrating Phred quality scores was produced. In the consensus sequence, the Phred score used for a given position was the Phred score from a single read if only one read covered this position, or the sum of the forward and reverse scores in case of agreement between the forward and reverse reads. In case of confl ict between the reads at a given position, the base used and the associated Phred score in the consensus were those of the highest quality read at the position. An ambiguous base call (N) was assigned to poorly supported positions (Phred scores below 20) in the consensus. High quality reads (i.e., those carrying more than 80% nucleotides with Phred scores larger than 40), but not assembled to their reverse complement because of failure of one reaction, were also recovered. Consensus sequences and recovered single reads were then all aligned to an arbitrarily chosen reference CO1 sequence (GenBank KF226475, from the butterfl y Hypolimnas bolina) in order to unambiguously identify and trim primer regions.
Reads longer than 200 bp were then selected and the longest open reading frame was determined for all reads, yielding only 12 sequences with stop codons, which were discarded. In addition, 18 sequences were identifi ed as experimental contaminants (precisely matching another sequence in the dataset) and thus were excluded. All such contaminations occurred locally in DNA extraction or PCR plates: the contaminant well was never more than two wells away from the contaminated well. Notably, specimens were randomly distributed across 54 plates, so that specimens from the same morpho-species were not clustered, allowing cross contaminations to be detected when it occurred. We also excluded fi ve natural contaminants, harbouring an insect parasitoid instead of host barcode. Sequences were aligned in Geneious using the predicted protein sequences.
Clustering of sequences within OTUs
Of 3627 CO1 sequences, 3180 passed the BOLD database quality fi lters and were clustered using the Refi ned Single Linkage (RESL) algorithm into 1026 species-level groups or OTUs (operational taxonomic units), each identifi ed with a unique Barcode Index Number (BIN) (Ratnasingham & Hebert 2013) . In brief, RESL employs a single linkage clustering procedure (producing clusters including all sequences connected by a genetic distance below a certain threshold) followed by a refi nement step in which clusters including at least three sequences can be split if they show signifi cant discontinuity in genetic distances. Of the 447 sequences that did not pass the BOLD quality fi lters, 314 were assigned to one of the BINs identifi ed by RESL. The remaining 133 specimens were clustered in groups of sequences diverging by no more than 3% substitutions per site, resulting in an additional 84 OTUs also included as they represent signifi cant information, although they should be considered more cautiously. The procedure used for each specimen is indicated in the Supplementary fi le, sheet S3.
Taxonomic assignments
With the exception of spiders, which were classifi ed to the lowest possible taxonomic level based on morphology prior to DNA extraction (Dierkens & Charlat 2009 ), all specimens were only assigned the taxonomic rank of order or class upon morpho-species assignments. For barcoded specimens, the consistency of this assignment with the 1 st blast hit was verifi ed (using blastn with default options against the NCBI nr database). Closer inspections of photographs or specimens allowed correction of any remaining inconsistencies. Such errors were either due to contaminations (as noted above) or, more often, to an incorrect initial assignment. A more accurate DNA barcode-based taxonomic assignment was then proposed based on the quality of the best blast hit, with the following categories: (1) species level assignment for at least 98% sequence identity over at least 80% of the barcode; (2) genus level for 95% sequence identity and 80% overlap; (3) family level for 90% sequence identity and 80% overlap.
In combination with blast, we developed a phylogenetic approach to propose a taxonomic assignment based on DNA sequence data. We developed R scripts to extract one representative CO1 sequence from each arthropod genus from GenBank (resulting in 20 350 sequences). For each arthropod order, we added these sequences to our own alignment using profi le alignment in MAFFT (Katoh & Standley 2013) and constructed a tree for each order using FastTree (Price et al. 2010) . Poorly supported nodes (less than 80% aLRT support) (Anisimova & Gascuel 2006) were collapsed in Archaeopteryx (Han & Zmasek 2009 ). We then inspected these trees in Dendroscope (Huson & Scornavacca 2012) , with colour coding of tips based on family names, to refi ne and verify blast-based assignments. An improved classifi cation of our specimen was then proposed using the "strict" criteria defi ned by Wilson et al. (2011) , which results in a very low level (2%) of false positives. In brief, a taxon name is assigned to a specimen if (1) its position within a clade is strongly supported (at least 80% aLRT support) and (2) the clade where it is placed is taxonomically homogeneous. For groups listed in Table 1 , we found no inconsistencies between morphology and barcode-based assignments. For the other groups, most taxonomic assignments relied on barcodes only, as detailed in the Supplementary fi le, sheet S1. Some morpho-species that had not produced a good quality barcode were also identifi ed to the species level when this was feasible without ambiguity.
Results
Characteristics of the sample
In total, the SymbioCode sample includes 10 929 arthropod specimens that were assigned to morphospecies, individually photographed, and deposited in the BOLD database (http://www.boldsystems. org) (SYC project, DS-SYMC dataset, http://dx.doi.org/10.5883/DS-SYMC) and the Moorea Biocode databases (http://biocode.berkeley.edu). The Supplementary fi le (sheet S3) provides a complete list of the specimens with a unique URL for each specimen. More than half (52%) of the specimens were collected at low elevations or near sea level (below 100 m elevation, Fig. 1 ) in potentially disturbed habitats, which are more likely to harbour non-native species than locations at higher elevations. Malaise traps were used only on the islands of Moorea and Tahiti, and mostly in remote locations at high altitude. Hence, island, collecting method, and elevation are not independent (Fig. 1) . Considering the four islands together, 30% of the specimens from low elevation were collected with Malaise traps, compared to 90% of those from high altitude. This sampling effort should be kept in mind when quantifying diversity, because Malaise traps tend to collect relatively more Diptera and Hymenoptera compared to other orders, especially Coleoptera (Gressitt & Gressitt 1962; Lamarre et al. 2012) . Among the 317 collecting events, 80% took place at low elevation and contained one or a few samples (thanks, notably, to the contribution of middle-school students from the Paopao School of Moorea). In contrast, high elevation collecting events were generally more intense and contributed more specimens per event.
Barcoding success rate
DNA was extracted from 4837 specimens. As detailed in Table 2 (by order), the Supplementary fi le, sheet S2 (by species) and the Supplementary fi le, sheet S3 (by specimen), amplifi cation and sequencing of the CO1 locus was successful in 3627 specimens, that is, 75% of the genomic extracts, but the success rate varied widely among arthropod orders (Table 2) . Phylogeny explained a large part of this variation, with some clades being clearly less effi ciently sequenced than others, possibly because of divergence in the primer target regions. Most of the barcode data were of high quality (92% of the CO1 sequences were longer than 400 bp and included fewer than 1% ambiguous positions); 8% were of lower quality (between 200 and 400 bp long, including up to 20 ambiguous positions) but carried enough information to be maintained in the analysis. Sequences are available in BOLD, and also in GenBank (BankIt1909431: KX051578-KX055204). 
Biodiversity
The CO1 sequences clustered into 1693 different haplotypes and into 1110 species-like groups or OTUs defi ned on the sole basis of molecular data. Of the 1110 OTUs, 1026 (92%) were defi ned using the RESL algorithm implemented in BOLD and thus received a unique identifi er in this database (BIN); 642 of the BINs were new to the BOLD database. The remaining 84 OTUs comprised sequences that did not pass the BOLD quality fi lters, but were clustered in groups of sequences diverging by no more than 3% substitutions per site. Some specimens, from which DNA was not extracted, or for which CO1 sequencing failed, were nevertheless assigned on the basis of morphology (when possible to do so with confi dence) to OTUs from this study (n = 4295 specimens) or to a named species not represented in the other OTUs (n = 411 specimens).
In summary, the biodiversity reported here is based on 8248 specimens, representing an estimated 1127 species designated as follows: (i) 199 named species (2924 specimens) including at least one sequenced specimen, (ii) 899 OTUs (5177 specimens), including at least one sequenced specimen, not named at the species level but taken as a proxy for species identity, and (iii) 29 named species (147 specimens) without DNA sequence data. Each species used in these counts was assigned a species ID, as listed in the Supplementary fi le, sheet S1.
The 1127 species are distributed among major arthropod groups as shown in Table 3 . Most of the biodiversity collected during this survey comprises the fi ve major insect orders (Hemiptera, Coleoptera, Diptera, Hymenoptera, Lepidoptera). Importantly, the species richness in the three orders most frequently represented in the sample (Diptera, Lepidoptera and Hymenoptera) is higher than documented in all earlier reports combined for the Society Islands (Ramage in press). For Hymenoptera, the diversity reported here is greater than known previously for the entirety of French Polynesia, including all of its fi ve archipelagos. Considering groups that have been well characterised in our study (listed in Table 1) , we observe that only 60% of the species found in our sample have previously been reported.
Our sample includes 107 species from which we can assess the level of correlation between OTUs and morphology-based species identity, because they were distinguished on the basis of morphology and include at least two barcoded specimens (Supplementary fi le, sheet S1). No specimens from the same OTU received different species names based on morphology, suggesting the DNA sequence-based approach was at least as effi cient as morphology in distinguishing species. In contrast, 11 out of 107 proposed species included more than one BIN, resulting in a 10% error rate, which is in the lower range of what has been found in other studies (Meier et al. 2006; Ratnasingham & Hebert 2013 ) (see the Supplementary fi le, sheet S4 for a list of these species and summary statistics on their mitochondrial diversity).
New records and other notable occurrences
In this section we consider the 227 species that were named and highlight notable occurrences. Although Coleoptera has been the most intensively collected order in this region, we note new records (Supplementary fi le, sheet S5). For Hymenoptera, the present sample generally shows equal or higher diversity than all previous reports combined. Our sample also contributes two new family records for French Polynesia, the Sphecidae and the Chrysididae, as reported previously Ramage & Kimsey 2015) . Among species from the Aculeata infra-order identifi ed to genus or species, new records for French Polynesia include two species of Apidae (genera Xylocopa Latreille, 1802 and Braunsapis Michener, 1969) , three species of Crabronidae (genera Liris Fabricius, 1804 and Polemistus Saussure, 1892) and two species of Vespidae (genera Pachodynerus Saussure, 1875 and Vespula Thomson, 1869). These collections will be the subject of upcoming, more specifi c publications (Ramage in press) . The examination of the family Ichneumonidae led to a similar conclusion: among the 19 species belonging to this family, 14 were identifi ed to genus or species level and fi ve were already known in French Polynesia, but four are new records for the country and fi ve represent new species (Rousse et al. in prep.) .
The other insect orders, which to date have been less thoroughly studied taxonomically in this project, are also likely to harbour many species previously undocumeted in French Polynesia. For example, the family Stratiomyidae (Diptera) was only known for two species in French Polynesia, Hermetia illucens (Linnaeus, 1758) 
Discussion
The SymbioCode collection, described in the present study, provides an overview of the terrestrial arthropod diversity of the Society Archipelago. Approximately one fi fth of the species present in this sample have been identifi ed at the species level, extending the known range of some species to French Polynesia and enriching knowledge of other groups of taxa. Although not exhaustive, and constrained by the collecting and taxonomic methods used, the study reveals that many arthropod groups are far more diverse than suggested by previous reports. Focusing on groups that have been morphologically well characterised in our study, we observe that only 60% of the species collected have previously been reported. In other words, many of the collected species are new to this region or to science (Dierkens & Ramage 2016; Rousse et al. in prep.) , emphasising the scale of the challenge to characterize tropical arthropod biodiversity, even for small and isolated islands.
The correlation between molecular-based OTUs and morphology-based species identity was assessed in 107 species that were distinguished on the basis of morphology and included at least two barcoded specimens. No specimens from the same OTU received different species names based on morphology, but 10% of the proposed species based on morphology included more than one OTU. Three explanations can be proposed to explain such high sequence diversity within these groups. Some species may have very large effective population sizes and/or high natural levels of genetic diversity (for example, invasive species introduced from multiple distant sources). Alternatively, some proposed species names may correspond to more than one true species that may or may not be distinguishable morphologically following deeper scrutiny. Finally, some species may have been subject to mitochondrial introgression, possibly fuelled by cytoplasmic symbionts (Hurst & Jiggins 2005) and thus carry mitochondrial DNA lineages from distinct species. Further work is needed, including more thorough morphological inspection and sequencing of nuclear DNA markers, to determine which explanations hold.
While this study confi rms that DNA barcoding offers a powerful means to quantify the diversity of complex samples, it also illustrates that molecular data are more valuable when associated with that from morphological characters. We thus hope this report will stimulate further synergistic projects to characterize the biodiversity of this region and encourage experts to complement our analysis, using the on-line photographs and metadata, or the many remaining specimens, available upon request.
